Introduction
This report is concerned primarily with the dosimetry of beta radiation in radiation protection situations where skin exposure is the main source of concern. The guidelines given by the ICRP and ICRU and described in previous sections are appropriate for general dosimetry applications but there are some special problems associated with skin exposure which need separate consideration. The problems relate to: measuring dose to the thinnest skin areas (depth ~ 2 mg cm -2). measuring doses at several depths (1-1000 mg cm -2) to assist clinical prognosis and treatment following a large accidental exposure. assessing skin dose in an accident situation when no personal dosimeter evaluation is available, by using ad hoc measurements on biologicalor physical specimens irradiated in situ.
hot-particle exposures skin exposure following penetration of radioactive materials into the skin. doses from mixed alpha/beta radiation sources.
Measuring Skin Dose at Very Shallow Depths
On the basis of biological considerations, and for practical expediency, a sensitive detector with a finite thickness would seem to be appropriate for personal dosimetry in view of the variations in basal-layer depth (Figure 3 .1). Following the ICRP recommendation in Publication 26 (lCRP, 1977) that the basallayer depth should be considered to encompass a range of 50-100 ,urn, a number of personal dosimeters have been developed to approach this 'ideal'. The more recent ICRP Publication 60 (1991b) gives a range of 20-100 ,urn for the basal-layer depth. The difference between these two ranges will be significant only for skin-dose assessments involving lowenergy radiations. The threshold energies for penetration to depths of ~ 20 ,urn into the skin are ~ 30 keV for beta rays and ~ 2.5 MeV for alpha particles, whereas for a 70-,um depth they are about 70 keV for beta rays and 7. 7 MeV for alpha particles.
A number of methods have been developed over recent years for evaluating doses to superficial tissues. They have been based mainly on thermoluminescent (TL) or thermally stimulated exo-electron (TSEE) detectors. The intrinsic thinness ofTSEE detectors is well suited to dose measurements near surfaces. Thermoluminescent detectors can be prepared with different thicknesses to match the organ or cell distributions of interest. The various techniques are described in Section 7.
Skin Dosimetry for Large Accidental Doses
The importance of skin-dose evaluation in the case of a nuclear reactor emergency was vividly illustrated following the Chernobyl accident. Very large skin exposures, resulting from ground and skin contamination with briefly-cooled mixed fission products, led to acute skin responses which were a significant contributory factor to early mortality in many of the victims. Direct skin-dose measurements were not available because personal dosimeters were not widely issued or were subject to gross over-exposure or damage. In many cases, skin doses were many times larger than the average whole-body doses, but their evaluation was only possible some time after the accident, using calculational and reconstruction techniques (Osanov et al., 1993) . In the light of the Chernobyl accident, and other skin over-exposure incidents, it is worth considering what would be the most appropriate design for an accident skin dosimeter and what ad hoc dosimetry systems could be used specifically to evaluate skin dose in the absence or failure of conventional personal dosimeters.
In an accident situation, the skin may receive a high acute exposure. As described in Section 3, depending on the variation of absorbed dose with depth, cells in the epidermis and superficial and deep dermis may be exposed. This could give rise to acute epithelial necrosis (within about 10 days), moist desquamation (4-6 weeks) and acute dermal necrosis (10-16 weeks). These responses are to be compared with routine chronic exposures in radiation protection situations where the effects of concern are cancer induction and late dermal atrophy/telangiectasia which may arise years after exposure, from exposure of the epidermis and superficial dermis. To assist clinical prognosis and treatment after an accidental exposure, it is therefore necessary to evaluate the dose at depths in the epidermis and in the superficial and deep dermis (Osanov et aI., 1985; 1993) . Typical depths are 50-100,300-500 and ~ 1000 ,urn, respectively.
Another potential problem in accident situations is that the body is usually irradiated non-uniformly (partial-body exposure of the legs, for example). A personal dosimeter may not be appropriately sited to record the exposure. Knowledge of the absorbed dose in these situations may be an important clinical indicator of the necessity for, and timing of, treatments which may include surgical intervention. Some potential methods for dosimetry in such accident situations are described in the following sections.
Physical Dosimetry
The most obvious method for determining doses at three depths is to use a 3-element dosimeter, for example, with the elements covered by absorbers of different thicknesses. Osanov (1991) has described depth-dose measurements using three or four TL elements to provide data to assist in interpretations of biological effects seen at Chernobyl. A multielement dosimeter of this type has been used for routine measurements during clean-up operations at Chernobyl (Osanov et al., 1993) . The methods described in section 7.10 provide a number of possible ways of determining dose at various depths with single or multiple detector elements (see also Section 8.2.3). In situations where no personal skin dosimeter evaluation is available, physical methods of dosimetry, such as TL, lyoluminescence and electron spin resonance (ESR), may be applied to materials such as clothing or jewellry, or to biological samples such as nails, skin and hair. None of these methods is currently reproducible or sensitive enough for reliable accident skin dosimetry. ESR of some types of clothing appears to be a promising monitor of skin dose but the current threshold is typically 2-3 Gy (Kamenopoulou et al., 1986) .
Biological Dosimetry
Radiation-induced changes in the tissues of the body are potential quantitative indicators of absorbed dose. At high doses, the biological effects such as moist desquamation or necrosis could, of course, be used (erythema is a less reliable indicator). However, in such situations, the optimum clinical treatment needs to precede the appearance of these gross effects and there is, therefore, a need for an early, reliable evaluation of the absorbed dose.
Zoetelief and Broerse (1990) have reviewed the status and prospects for the development of biological dosimeters for general accident situations. While the observation of chromosome damage in circulating blood lymphocytes has become a widely used wholebody biological dosimetry method, no routinely available system for biological dosimetry of the skin has yet been developed. A number of techniques have been evaluated for monitoring radiation-induced changes in the epidermis in man (Barton et al., 1986) including skin thickness, mechanically-induced desquamation, cell turn-over time and some specific biochemical indicators. The wide variation between individuals and between body sites has precluded the development of these methods for dosimetry. Techniques have been developed for the observation of chromosome aberrations and micronucleus induction in epithelial cells from the outer root sheath of plucked hairs (Wells et al., 1989) but the quality of the results is not adequate for reliable dosimetry.
A more promising development is the observation of changes in hair diameter after irradiation of the hair bulb in the deep dermis (Sieber and Wells 1986; Geng and Potten 1990) . A reduction in the number of dividing cells in the bulb results in a narrowing of the hair which can be determined 1-2 weeks after exposure. Data have been obtained in pig and mouse skin for x-ray and beta-ray irradiations. The minimum detectable dose is about 0.5 Gy but the technique cannot be applied above about 7 Gy, due to hair loss. A similar level of effect is seen up to 5 Gy in radiotherapy patients (e.g., Wells et al., 1991) , but most of these data are for fractionated irradiations and correlation with the reactions following acute exposures is complex. In addition, the type of skin reaction is strongly dependent on the penetration of the radiation. Consequently, it will always be difficult to establish a scale of skin reactions to be used as a biological dosimeter.
If doses are large enough to induce severe skin reactions after 2-3 weeks, erythema will be visible in the days following exposure. Although this is not a good indicator of the severity of later damage, it indicates the need for careful and repeated clinical examinations to guide appropriate treatment.
Hot-Particle Dosimetry

Dosimetry Requirements
The absorbed dose limits for hot particles currently proposed (lCRP, 1991a and NCRP, 1989 ) are described in Section 3.6. To apply these limits it is necessary to measure or calculate either the dose averaged over 1 cm 2 or the number of beta rays emitted. If a dose above these limits is received, it would be possible to provide a clinical prognosis on the basis of determination of the dose and experimental animal data. If a hot-particle exposure occurs in the work place, and if the particle can be recovered, then the absorbed dose to the skin or the beta-ray emission rate can be measured or calculated. Calculation requires a detailed characterization of the particle. This requires the measurement of activity, physical size and elemental composition, using gamma spectrometry and light or electron microscopy. The evaluation of pure betaray emitters such as 90Sr _90Y is possible using betaray spectrometry. These parameters may then be fed into one of several available algorithms (see e.g., Section 6.7) or Monte Carlo codes to evaluate the beta-ray emission rate or average absorbed dose rate. Measurements can utilize one of the general methods described in Sections 7 and 8, but in the case of hot particles, the situation is complicated by the highly non-uniform nature of the spatial dose distribution. Figure 9 .1 shows, for illustrative purposes, the calculated dose distributions around typical radioactive particles found in the vicinity of nuclear power reactors. The particles are neutron-activated steel, with activity dominated by 60CO, and irradiated naturaluranium fuel. The major contributor to skin dose at a depth of 20-100 /.Lm is beta radiation. The beta-ray dose rate decreases by 2 orders of magnitude over the distance 10-100 /.Lm in tissue.
The following sections deal with methods for determining the absorbed dose from hot-particle sources. The determination of beta emission rate is more straightforward. At low levels, this can be carried out with simple particle detectors such as calibrated GM tubes, scintillation counters, etc. At higher levels, where the dead time of the counter is limiting, ionization chambers may be used, suitably calibrated to take account of absorption and geometrical effects.
Some Possible Dosimetry Techniques
Dosimetry of radioactive particles has been carried out by several groups using extrapolation chambers, radiochromic dye films and thermally stimulated exoelectron emission (Darley et al., 1991; Soares et al., 1991; Durham et al., 1991b; McWilliams et al., 1992) . Thermoluminescence dosimetry has been used by several groups but no extensive study appears to have been published at this time.
Thermoluminescence Dosimetry. The non-linear dose response (so-called "supralinearity") of many TL materials makes accurate dose assessment difficult, particularly from low-energy beta sources such as 60CO. To produce a detectable signal with a thin TL dosimeter, some central parts of the detector may need to receive very high doses in the non-linear region. This makes an accurate interpretation difficult if a measurement technique is used which collects light from the whole volume of the detector simultaneously, as do the more commonly used heating methods. This problem can be overcome with methods such as focused laser heating, where readout can be done sequentially in small volume elements across the area of the detector.
Extrapolation Chamber Dosimetry. Darley et al., (1991) point out a fundamental limitation of the extrapolation chamber for hot particle dosimetry. The extrapolation chamber was originally intended for application in situations where the chamber volume could, at least at the smallest plate separations, be reasonably assumed to be uniformly irradiated (e.g., when the source was at some distance from the chamber). For the evaluation of contact dose rates, the hot particle produces a highly non-uniform exposure which leads to a non-linear response even down to chamber spacings of a few tens of /.Lm. Darley et al., derived a theoretical relationship for the characteristics of the chamber under these conditions based on the assumption that the current is due to ionisation along the paths of beta particles traversing straight line tracks from a point source. They take account of the change in solid angle and track lengths as the chamber spacing is varied. The changes in geometry as the chamber spacing is varied depend on collector radius (r), source to window separation (s), and the chamber separation (e).
A simplified solution for the current, I, can be derived which has the form: The predicted variation in chamber current (l) vs electrode spacing (e) shown in Figure 9 .2 is nonlinear, especially for small collecting electrodes. The gradient (dI/de) increases as the chamber spacing is reduced even below 0.1 mm, the effect being particularly noticeable for the smaller collector electrode sizes. If measurements are made of the gradient using a linear fit (for spacings in the range of say 0.1-0.5 mm), they will underestimate the true dose (based on the gradient at zero spacing) by a factor of at least 3 for small electrodes (r = 0.55 mm). The extent of the underestimate will depend on the source-to-window separation. For the larger electrodes (r = 5 mm), the underestimate is smaller, of the order of a few tens of percent. Measurements of dose over small areas of about 1 mm 2 using the extrapolation chamber and radio chromic dye film (Darley et al., 1991) have confirmed the potential under-estimate of dose from Fig. 9 .2. Predicted non-linear variation in extrapolation chamber current with electrode separation. This is due to a spatially non-uniform hot-particle exposure. The distance from the particle to the extrapolation chamber entrance window is assumed here to be 20 !Lm. Curves Band C are for collector electrode diameters of 5 mm and 0.55 mm respectively. Curve A is the same as curve C, but normalized to curve B at a spacing of 1 mm, in order to illustrate the dependence of non-linearity on collector-electrode diameter (Darley et ai., 1991) . small sources of 90Sr _90Y and 17°Tm when using an extrapolation chamber. Good agreement could be obtained if the limiting gradient were derived using a non-linear fit to the data. In fact, a simple quadratic fit (a + ~e + 0€2) was often adequate.
Radiochromic Dye Film. The linearity with dose, lack of dependence of response on absorbed dose rate, and the lack of geometrical effects (due to the very thin detection layer) makes radiochromic dye an attractive dosimeter for hot-particle studies (see Section 7.14). However, the high absorbed dose threshold and the narrow dynamic range do present problems. It is not possible, in one exposure, to map out the two-dimensional distribution of absorbed dose. Several different time exposures are required to cover the whole irradiated area, to avoid saturation effects in the central field. These must then be combined using computer fitting to determine the centroid of each exposure pattern. In practice, the whole process appears to give rise to uncertainties in dose estimates of about ± 10-20%, not significantly different to that estimated for corrected extrapolation chamber methods (Darley et al., 1991) . Low-activity sources can be evaluated by using extended exposure times, and the production of visible images without the need for any development process is also advantageous. This method provides a rapid indication of relative particle activity and facilitates the segregation of active and non-active particles .
Thermally Stimulated Exoelectron Emission. This method has similar limitations to those of TL for hot-particle dosimetry. In addition, since it is a surface phenomenon, it is subject to impurities and contamination and, except in expert hands, it has not proved suitable for general use. Durham et al., (1991a) have reported, however, good agreement between measurements using BeO and calculations using the V ARSKIN code for 60CO particles, for the average absorbed dose over 1 cm 2 at a depth of 7 mg cm.-2 Photographic Emulsions. Despite their widespread use in personnel dosimetry, photographic emulsions have found surprisingly little use in the determination of absorbed dose distributions from radioactive particles. They have been used primarily for the more limited applications of autoradiographic detection and localisation.
Early investigations (Sisefsky 1959 (Sisefsky , 1973 established that the radius of the visually determined autoradiographic spot (R) produced in 5 to 10 ILm thick emulsion layers could be related to the number of beta rays from the particle (A) during a given exposure time by a simple power law, R=cA n , where c and n are constants.
A similar relationship between the emission from the particle and the radius at which a given developed grain density was attained was later developed in scanning electron microscope autoradiography (SEMA) where a scanning electron microscope (SEM) was used to visualise the distribution of individual exposed silver grains produced in a thin (0.1 to 0.2 ILm) layer of overlying emulsion (Darley and Macfarlane, 1977) . Further analysis of the shape ofthe grain distribution also provided an indication of the energy of the emitted beta particles and the use of an SEM fitted with an energy dispersive x-ray analysis system allowed detailed information on the morphology and chemical composition of the particle to be obtained.
More recently, a method based on the detailed densitometric analysis of the radial distribution of developed grains in an infinitely thick (greater than the beta range) layer of high sensitivity nuclear emulsion (Kushin and Lyscov, 1993) has been shown to yield absorbed dose distributions around small particles (dimensions much less than the range of the emitted beta particles) which are in good agreement with predictions based on the Loevinger formula (Section 6.6).
Doses from Radioactive Materials Penetrating into the Skin
One of the prime functions of the skin is to serve as a protective barrier to limit the loss of water and other essential compounds and to prevent penetration by a wide variety of potentially toxic substances. The extent to which the absorption of some agents into the skin is possible depends upon their physical and chemical form and on the state of health and integrity of the skin. The major barrier is presented by the outermost keratinised layer of dead cells. Depending on the nature of the chemical binding, the contaminant may be localised in the keratin layer or diffuse through the epidermis and pass into the superficial dermal capillary system where it will be rapidly removed from the skin and transported throughout the body. In some cases, such as with lipids or lipid-soluble materials, contamination may remain bound to the adipose tissue beneath the dermis. In some cases, but not all, the skin appendages (hair follicles, sebaceous and apocrine glands) appear to act as special routes of entry through the skin. Even if the keratin barrier is not breached, the passage of radioactive contamination down the hair follicle will bring beta radiations within range of a much larger population of epithelial cells than if the material stayed resident on the surface.
In order to assess the skin dose after the occurrence of a contamination incident, it is necessary to know the activity, radio nuclide composition, residence time and degree of penetration into the skin. The considerable literature (e.g., IAEA, 1988; Kusuma et al., 1986; Ilyin et al., 1975; Suzuki and Inaba, 1976; Peng et al., 1988) dealing with this problem indicates the difficulties of providing any simple general model to cover the range of possible practical situations. If the distribution of radioactive materials throughout the skin is known, then it is possible to calculate doses to the relevant target-cell layers that are described in Section 3, taking into account the absorption of intervening tissues. The level of contamination can be assessed by external monitoring, with some allowance for absorption effects in the skin, but some situations, such as low-energy beta-or alpha-radiation sources located in the adipose tissue, will present particularly difficult problems of interpretation (Trivedi, 1993) . In an actual contamination incident, it may be necessary to make pessimistic assumptions. The development of biological indicators of skin dose would be particularly useful for dealing with this problem.
Doses in Mixed Fields of Alpha and Beta Radiation
Radionuclide sources of alpha radiation produce alpha particles with sufficient energy to irradiate the basal layer on some specific body sites for some individuals. For example, the range of a 5.8-MeV alpha particle from 244Cm is about 45 Mm in tissue. The range of alpha radiation from 214PO (7.7 MeV), which is the main contributor to the basal-layer dose in the skin from radon decay products, is about 70 Mm. There are no reports of adverse deterministic effects in the skin following alpha exposure but Czechoslovakian uranium miners have shown an excess of basal-cell carcinoma which has been correlated with exposure of the face to alpha radiation G3evcova et al., 1978) . If skin-contamination levels are known, then the dose equivalent rate from alpha radiation can easily be calculated (Huston and Turner, 1990) . Since the range in air of alpha-radio nuclide sources is only a few centimeters, it is skin surfacecontamination levels which pose the radiological hazard to the skin and it can be argued that personal dosimeters are not appropriate for monitoring the skin dose in this situation.
A personal dosimeter to evaluate the dose equivalent from alpha radiations or in a mixed a-13 field does not exist at this time and would be particularly difficult to design. In order to do this, a very thin dosimeter would be required which had a differential a-13 response and a high sensitivity. Suitable thermoluminescent devices may be theoretically possible, if not practical. Even though the response of most TL materials to alpha radiation is typically a factor of 10 less (on an absorbed dose basis) than for low-LET radiations, some TL materials do exhibit a differential response. For example, the optical emission spectrum of the main thermoluminescence peak of LiF: Mg, Ti is predominantly in the blue region for beta radiation and in the red for alpha radiation (Douglas, 1981) . It should thus be theoretically possible to evaluate the separate components of abtlUrbed dose arising from alpha and beta radiations by measuring the TL output in red and blue light. The dose equivalent could then be evaluated by using an appropriate quality factor for alpha radiation.
